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Abstract
Antibiotics are widely used in human society and are consequently found in sewage treatment plants. However, information 
regarding the fate of antibiotics in decentralised sewage treatment plants is limited. Therefore, this study monitored and 
compared four frequently prescribed antibiotics (ampicillin, ciprofloxacin, erythromycin and sulfamethoxazole) in each stage 
of four conventional treatment plants (three extended aerations and one conventional activated sludge) and two decentralised 
treatment plants (two Imhoff tanks) in Johor Bahru district between December 2018 and August 2019. The findings revealed 
that ampicillin, ciprofloxacin, erythromycin and sulfamethoxazole were detected in most wastewater samples, including influ-
ent, secondary effluent, final effluent and sewage sludge samples. The antibiotic concentrations in the aqueous and sludge 
phases ranged from 4.2 to 2690 ng/l and 1.7 to 317.4 ng/g, respectively. Ampicillin and sulfamethoxazole were effectively 
removed by extended aeration and conventional activated sludge plants (> 75% reduction), erythromycin was effectively 
removed in IT plants (> 85% reduction) and ciprofloxacin could not be removed effectively by any systems (< 30% reduction). 
Statistical analysis showed that the approximate relationships between the removal of antibiotics and several wastewater 
parameters existed. A detailed antibiotic mass flow was conducted in extended aeration and Imhoff tank plants. An estimate 
of 115.72 g, 202.25 g, 170.55 g and 213.21 g of ampicillin, ciprofloxacin, erythromycin and sulfamethoxazole, respectively, 
were discharged annually. The mass balance analysis indicated that biodegradation was the major route for the removal of 
all antibiotics studied. Meanwhile, sorption was only responsible for minor removal of ciprofloxacin, erythromycin and 
sulfamethoxazole.

Keywords Activated sludge system · Biodegradation · Extended aeration system · Imhoff tank · Mass balance analysis · 
Sorption

Introduction

The presence of pharmaceutical and personal care products 
(PPCPs) in the environment has received considerable atten-
tion in recent years due to their adverse environmental and 
human health effects (Behera et al. 2011). As one of the most 
important subclasses of PPCPs, the global consumption of 
antibiotics has increased 39% from 2000 to 2015 (Klein et al. 
2021), and increased 74.49% from 2010 to 2020 (Aditi et al. 
2021). Consumed antibiotics are mainly eliminated from 
human bodies via faeces and urine, which end up in sewage 
treatment plant (STP).

Conventional STPs such as activated sludge systems are 
well established around the world and have served as the main 
treatment technology for wastewater management. However, 
these systems were not initially designed to remove antibiotics. 
Therefore, they have been frequently reported to be inefficient 
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in removing the antibiotics. Studies in New Zealand (Kumar 
et al. 2019), the USA (Gao et al. 2012), Europe (Rodriguez-
Mozaz et al. 2020; Drillia et al. 2005) and several Asian coun-
tries including China (Hu et al. 2018; Sun et al. 2014), Japan 
(Matsuo et al. 2011), Korea (Behera et al. 2011) and Singapore 
(Tran et al. 2016) have observed the incomplete removal of 
antibiotics by conventional STPs.

Despite the current adoption of the conventional treatment 
system as the main treatment technology, many countries still 
employ decentralised treatment systems in urban and semi-
rural areas (Nguyen et al. 2018; Capodaglio 2017; Yacob et al. 
2017; Istenic et al. 2015) due to economic constraints (Chong 
et al. 2013) and environmental considerations (Ho and Anda 
2006). Therefore, adopting small and decentralised STPs for 
the treatment of residential and commercial wastewater is the 
common approach. For example, 25% of the population in the 
USA is served by decentralised treatment systems and 50% of 
the STPs in Malaysia are considered small and decentralised 
(EPA 2000; IWK 2020). This indicates that the treatment of 
antibiotics is partially reliant on these systems. If antibiotic 
residuals are not properly treated, their continuous release 
into the environment could trigger the development of antibi-
otic resistance bacteria (ARB) and antibiotic resistance genes 
(ARG) (Qiao et al. 2018; Martinez and Baquero 2017).

To date, while the data on the behaviour and removal of 
antibiotics in conventional treatment systems (i.e. activated 
sludge systems) are available, findings regarding decen-
tralised wastewater systems are apparently missing. This 
study is essential as decentralised systems are still widely 
employed as the main treatment approach around the world. 
Furthermore, very limited studies on the subject matter have 
been conducted in the Southeast Asian region. This paper 
presents the results of a study conducted to examine and 
compare the antibiotic removal capability of a decentralised 
treatment system, that is, an Imhoff tank (IT) and two con-
ventional treatment systems, that is, conventional activated 
sludge (CAS) and extended aeration (EA) in Johor Bahru 
district, Malaysia, between December 2018 and August 
2019. Four types of antibiotics were investigated based on 
their globally common usage (WHO 2018), namely ampi-
cillin (AMP), ciprofloxacin (CIP), erythromycin (ERY) 
and sulfamethoxazole (SMX). The correlation between the 
removal of these antibiotics and the wastewater parameters 
was established, and the removal mechanisms were also 
explored through mass balance analysis.

Materials and methods

Chemicals and consumables

Methanol, acetonitrile, hydrochloride acid and  Na4EDTA 
(99.8%) were supplied by QRec (Asia). Formic acid and 

Oasis HLB 3cc Vac Cartridge (60 mg sorbent) were obtained 
from Fisher Scientific (United Kingdom) and Waters Coop-
eration (USA), respectively. Antibiotic standards (ampicillin 
(AMP, 99%; CAS ID: 69-53-4), ciprofloxacin (CIP, 99%; 
CAS ID: 85721-33-1), erythromycin (ERY, 99%; CAS ID: 
114-07-8), sulfamethoxazole (SMX, 99%; CAS ID: 723-
46-6)) and the respective internal standard (ampicillin-d5, 
ciprofloxacin-d8, erythromycin-13c,d3 and sulfamethoxa-
zole-d4) were purchased from Santa Cruz Biotechnology 
(USA). Stock solutions with 500 mg/L of individual anti-
biotic were prepared in methanol and stored in the dark at 
a temperature of − 18 °C before use. The antibiotic stock 
solutions were diluted for the subsequent work and calibra-
tion standards for every sampling event. Milli-Q Advantage 
A10 System (> 18.2 Ω) was employed for all dilution and 
sample preparation works. All reagents and chemicals were 
of analytical grade.

Wastewater sample collection

Samples were collected from six municipal STPs consisting 
of three EAs (referred to as EA1, EA2 and EA3), two ITs 
(referred to as IT1 and IT2) and one modular CAS system. 
The treatment stages for the selected STPs and their respec-
tive operational parameters are given in Table 1.

Both wastewater and sludge were collected during three 
sampling campaigns between October 2018 and August 
2019, at the sampling points shown in Figs. 4, 5 and 6. 
The detailed sampling dates are presented in Tables S1 and 
S2 (supplementary material). These sampling points were 
selected to evaluate the occurrence and changes in antibiotic 
concentrations in different treatment units of the selected 
STPs. Sludge samples at the EA and IT plants were collected 
to evaluate the antibiotic concentrations in sludge. Sewage 
sludge samples of EA plants were collected from the settled 
sludge of secondary effluent. Sewage sludge samples of IT 
plants were collected during periodic desludging process. 
The sludge sample from EA plants used for MLSS measure-
ment was sampled directly from aeration tank. However, the 
sludge and wastewater samples could not be collected after 
the aeration stage of the CAS owing to the inaccessibility 
issue.

One litre of the sample was collected in duplicate from 
each sampling point using amber glass bottles (prewashed 
with detergent and distilled water and dried at 400 °C). The 
collected samples were kept in an ice-box and transported to 
the laboratory. The samples for wastewater parameters quan-
tification were processed and measured immediately. Mean-
while, the samples for antibiotic detection were immediately 
filtered through a 0.45-um cellulose nitrate filter (NC, Bio-
flow) to remove suspended solids, preserved in the freezer 
and stored at 4 °C before extraction. The extraction was done 
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within 24 h after the collection to minimise the hydrolysis 
and degradation of the antibiotics.

Sewage characterisation

The samples were analysed for wastewater quality param-
eters according to the standard method (APHA 2017). The 
analysed parameters include turbidity, chemical oxygen 
demand (COD) (total and soluble), five-day biochemical 
oxygen demand  (BOD5), nitrogen (total nitrogen, ammonia, 
nitrate and nitrite), total phosphorus (TP) and suspended 
solids (total and volatile, i.e. TSS and VSS, respectively). 
The temperature and pH were measured in situ using a water 
quality checker (Horiba, USA).

Sample extraction

All wastewater and sludge samples were extracted, concen-
trated and analysed according to USEPA Method 1694 (EPA 
2007). In brief, 150 ml wastewater samples were acidified 
with concentrated hydrochloride acid followed by the addi-
tion of 500 mg of  Na4EDTA powder. The samples were 
allowed to rest for 2 h. Accurately measured 20 ng of cor-
responding internal standards was spiked into all samples. 
Before extraction, the vacuum cartridge was conditioned 
with 10 ml methanol and 5 ml distilled water. The sam-
ples were extracted through solid-phase extraction (SPE) 
by allowing 150 ml of wastewater samples to pass through 
Oasis HLB cartridges (Water, USA) with a flow rate of 
approximately 1 ml/s. The eluents process was initiated 
with vacuum pump and finished with gravity to minimise 
analytes loss. The eluents were concentrated to 1 mL with a 
nitrogen evaporator (XcelVap; Horizon Technology, USA). 
Concentrated eluents were filled up to 4 mL using formic 
acid (0.1% v/v in methanol).

For sludge samples, an ultrasonic extraction method 
was employed before SPE, as described for the wastewa-
ter samples (EPA 2007). Wet sludge samples of 2.5 g were 

acidified by 15 ml of an acidified phosphate buffer solution 
and added with corresponding internal standards. Further, 
the samples were added with 20 ml acetonitrile and placed 
in an ultrasonic cleaner (UCP-10; Lab Companion, Korea) 
for 30 min. Upon sonication, the samples were centrifuged 
at 3000 rpm for 5 min and the supernatants were acidified 
to pH 2.0 and transferred to a round-bottom flask. Similar 
procedures were repeated thrice for the centrifuged sludge 
to ensure the complete extraction of the desired analytes. It 
is important to note that the phosphate buffer solution was 
replaced with acetonitrile in the final extraction. The super-
natant was concentrated using a rotary evaporator (Rota-
vapor R-210; Buchi, Switzerland) to the final volumes of 
30 ml and 200 ml of ultrapure water and 500 mg  Na4EDTA 
was immediately added. The samples were then processed 
using the SPE procedures, as described previously.

Instrumental analysis

The concentrations of antibiotics and internal standards were 
determined according to USEPA Method 1694 (Isotope 
Dilution Method) (EPA 2007) with an Ultra-High-Perfor-
mance Liquid Chromatography system, 1290 Infinity (Agi-
lent, USA), coupled with an Electrospray Triple Quadrupole 
Mass Spectrometer (6410; Agilent, USA). Zorbax Eclipse 
Plus C18 Rapid Resolution HD column (2.1 × 50  mm, 
1.8 µm; Agilent, USA) was used to separate the desired 
compounds at a flow rate of 0.5 ml/min and temperature of 
30 °C. Two mobile phases were employed for the compound 
separation, namely, formic acid with a concentration of 0.1% 
in water (v/v) (mobile phase A) and 0.1% of formic acid 
in acetonitrile (v/v) (mobile phase B). The gradient elution 
method was utilised wherein the mobile phase A was started 
at 95% and linearly decreased to 70% in the first minute, fol-
lowed by a further decrease to 55% in the second minute. It 
was finally reduced to 0% in the next 0.5 min and held until 
the end of each run.

Table 1  Treatment stages and operational parameters of selected STPs

1 Measured from aeration/treatment tank
2 Measured from effluent samples

STPs Treatment stages Designed 
population 
equivalent

Flow rate  (m3/d) Sludge 
discharge rate 
(kg/d)

HRT (h) Dissolved 
oxygen 
(mg/L)

Mixed liquor-
suspended solid 
(mg/L)

EA 1 Screening → Aeration → Secondary 
Clarifier → Final effluent

945 882 1745 29.9 2.46 ± 1.21 793 ± 109
EA 2 1170 805 159 22.9 4.3 ± 2.31 1053 ± 119
EA 3 995 923 183 13.4 3.12 ± 1.21 1120 ± 225
IT 1 Screening → sedimentation → sludge 

digestion → Final effluent
1140 5.6 0.12 2–4 0.22 ± 0.21 –

IT 2 940 673 6.4 2–4 0.38 ± 0.141 –
CAS Screening → Equalisation tank → 

Aeration → Sedimentation
800 1085 215 23.6 2.45 ± 1.32 –
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The MS system was operated in the positive ionisation 
mode with particular operating conditions: a gas tempera-
ture of 300 °C, a capillary voltage of 4 kV, a gas flow rate 
at 11 L/min and gas pressure at 45 psi. The specific details 
of multiple reaction monitoring for the studied antibiotics 
are outlined in Table S3. The injected sample volume was 
1.0 µL.

Quantification and quality control

In this work, a nine-point calibration curve (0.01–1000 ng/
mL) was generated with strong linearity (R2 > 0.999) for all 
targeted antibiotics with corresponding internal standards. 
During the analysis, one blank and one independent check 
standard were run before the injection of the next sample to 
ensure there was no background contamination and for the 
system performance check. Data acquisition and analyses 
were carried out by the Agilent MassHunter Workstation 
Software.

The method detection limit (MDL) was estimated from 
the analyses of ten blank samples with target antibiotics 
spiked in ultrapure water. The MDL for the analytes was 
calculated by the formula 3 × SD/m, where SD is the stand-
ard deviation of the lowest signal/noise ratio of the analyte 
and m is the slope of the calibration curve. Further, the MQL 
was calculated as 10 × SD/m (Tran et al. 2013). The MDL 
and MQL for AMP, CIP, ERY and SMX were 20 and 65, 
1.4 and 4.5, 0.8 and 2.5, and 1.3 and 4.0 ng/L, respectively. 
Extraction recoveries were done for all antibiotics to inspect 
the performance of this method through the isotope dilution 
method (EPA 2007). The isotope label compound recover-
ies for all antibiotics were within the range of acceptance. 
The results and details for antibiotic recoveries are listed in 
Table S4.

Data analysis

Statistical analysis

Non-parametric Kruskal–Wallis (KW), Mann–Whitney 
(MW), ANOVA and Pearson correlation (P) tests were 
performed using OriginLab 2017. The non-parametric 
Kruskal–Wallis test was used to determine the significant 
differences between three groups of data, Mann–Whit-
ney test was used to determine the significant differences 
between two groups of data and ANOVA was used to inspect 
the solidity of the relationship. Spearman’s correlation was 
used to determine the relationship between the removal of 
wastewater parameters and antibiotics. Spearman’s correla-
tion of more than 0.7 was considered as significantly cor-
related and vice versa (RGC-IBG n.d.). The p-values from 
Kruskal–Wallis, Mann–Whitney and ANOVA tests were 
treated as insignificant if they were greater than 0.05.

Preliminary mass balance analysis

Mass balance analysis was used to determine the fate of antibi-
otics in each treatment unit during the treatment process. This 
allowed us to understand the process that contributes the most 
towards the removal of antibiotics. The mass balance analysis 
was conducted through the mass flow approach, in which the 
concentration of compounds was converted to mass flow (g/
day). The volatilisation of antibiotics was considered as insig-
nificant during the treatment process (Joss et al. 2006); hence, 
only biodegradation and sorption were analysed. The proce-
dures of mass balance analysis followed the work of Carballa 
et al. (2007) and Gao et al. (2012).

Initially, the measured concentrations of each antibiotic in 
the aqueous and sludge phases were converted to mass flow 
(MF) using Eqs. (1) and (2), respectively.

In the above equations,  MFaq and  MFs (ng/d) are the cal-
culated mass flows of the antibiotic in the aqueous and sludge 
phases, respectively;  Caq (ng/L) and  Cs (ng/g) are the soluble 
average concentrations of the antibiotic in the aqueous and 
sludge phases, respectively; and  Qaq  (m3/d) and  Qs (kg/d) 
are the average flow rate of wastewater and discharge rate of 
sludge in the treatment plant, respectively.

From the above, the total mass flow  (MFt) (kg/d) of indi-
vidual antibiotics is calculated using Eq. (3). This allowed us 
to estimate the mass of antibiotics treated and discharged from 
the STPs.

Equation (4) was used to determine the fraction of antibiot-
ics biodegraded during the treatment process.

In the above equations,  MFaq,inf (kg/d) and  Maq,eff (kg/d) are 
the mass flows of the antibiotic in the aqueous phase of influ-
ent and effluent of the treatment system and  Mbio (kg/d) is the 
mass of the antibiotic lost due to biodegradation.

Equations (5) and (6) were used to express the fraction of 
antibiotics that were biodegraded  (Fbio) and sorbed  (Fs) in per-
centage form:

(1)MFaq = CaqQaq

(2)MFs = CsQs

(3)MFt = MFaq +MFs

(4)MFbio = MFaq,inf−
(

MFaq,eff +MFs
)

(5)Fbio =
MFbio

MFTotal
× 100

(6)Fs =
MFs

MFTotal
× 100
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In the above equations,  Mtotal is the total mass of the 
antibiotic lost during the treatment process, obtained from 
Eq. (3).

Finally, to evaluate the capability of sorption into the 
sludge of an individual antibiotic, a solid–liquid distribu-
tion coefficient  (Kd) was used as an estimation using Eq. (7) 
(Xue et al. 2010), as follows:

In the above equation, MLSS is the concentration of the 
mixed liquor-suspended solid in the aeration chamber (g/L) 
and  Kd (L/g-MLSS) is the solid–liquid distribution coeffi-
cient of the individual antibiotic.

(7)Kd =
Cs .MLSS

Caq

Results and discussion

Occurrence of antibiotics

Wastewater

The occurrences and detected concentrations of antibiot-
ics in each STP are shown in Table 2. All antibiotics were 
detected in influent, secondary effluent and final effluent 
samples. The detection frequencies of antibiotics in influent 
samples are in the following order: CIP: 66.67% > AMP: 
55.56% = SMX: 55.56% > ERY: 31.11%. The antibiotic 
concentrations detected in all STPs ranged from 149.4 to 
2,690 ng/l in influent samples, 101.2 ng/l to 858.9 ng/l in 
secondary effluent samples and 4.2 ng/l to 1,260 ng/l in final 
effluent samples. In general, as the wastewater was treated, 
the antibiotic concentration decreased, but could still be 
detected in the final effluent samples.

Among the four antibiotics, CIP had the highest detec-
tion frequency in all influent samples. The high detection 
frequency of CIP could be related to the widespread use 

Table 2  Average concentrations 
and removals of the antibiotics 
in the STPs

MQL, method quantification limit; NA, data not available, ND, not detected
*Data without ± SD represented less than two samples detected

Antibiotics EA 1 EA 2 EA 3 IT 1 IT 2 CAS

Influent (ng/L) (n = 3)
 AMP 2,690.4* 373.1* 152.6 ± 62.4 161.1 ± 207.5 568.3 ± 124.3 182.9*
 CIP 450.2 ± 469.8 149.4 ± 106.2 165.1 ± 140.3 155.6 ± 186.6 164.8* 167.6*
 ERY 337.1 ± 135.9 587.2*  < MQL 329.5 ± 275.7 205.6*  < MQL
 SMX 1,782.3 ± 1,642.6 941.3 ± 945.8 962.3 ± 862.2 916 ± 1241 174.8* 1764.7*

Secondary effluent (ng/L) (n = 3)
 AMP 188.6* 153.9* 101.2 ± 18.8 NA NA NA
 CIP 120.2 ± 103.2 116.7 ± 130 152.7 ± 89.6 NA NA NA
 ERY 495.4* 305.3*  < MQL NA NA NA
 SMX 858.9 ± 433.8 294.5* 118.2 ± 38.1 NA NA NA

Final effluent (ng/L) (n = 3)
 AMP 71.4* 27.8* 27.3 ± 19.5 133.3 ± 124.8 305.9 ± 58.3 4.2*
 CIP 246.7 ± 154.1 97.3 ± 90 127.5 ± 73.2 111.5 ± 141.9 208.2* 178.9*
 ERY 299.9 ± 101.8 211.3*  < MQL 193.7* 44.9*  < MQL
 SMX 1264.8* 288.5* 190.1 ± 32.1 569.1 ± 792.8 91.9* 391.3 ± 257.3

Sewage sludge (ng/g)
 AMP ND ND ND ND ND NA
 CIP 317.4 140.9 82.1 24.1 51.9 NA
 ERY 22.5 17.5 ND 6.5 8.8 NA
 SMX 29.7 40.2 26.9 1.7 3.9 NA

Overall removal (%)
 AMP 97.3* 92.6* 85.7 ± 8.4 40.8 ± 3.5 58.9 ± 21.2 97.7*
 CIP 24.1 ± 17.8 40.9 ± 7.6 8.6 ± 23.5 39.6 ± 13.3 − 26.3* − 6.8*
 ERY 9.8 ± 4.4 64* NA 89.9 ± 10.1 78.1* NA
 SMX 78.5 ± 17.6 94.9 ± 5.1 64.5 ± 24.8 57.5 ± 20.4 47.4* 77.8*
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of this antibiotic for antibacterial purposes by the Malay-
sian health facilities. According to the Ministry of Health 
of Malaysia (MOH), CIP is one of the top 50 drugs in 
the Malaysian public and private sectors with a sale of 
more than RM 18.9 million (MSOM 2014). Conversely, 
the lower detection frequency of AMP, ERY and SMX in 
all influent samples could be due to the lesser consumption 
of these drugs as these antibiotics are not heavily used in 
Malaysia (MSOM 2014). It was also observed that ERY 
was not detected in all samples from the CAS plant, indi-
cating that it may not be consumed by the community 
within the CAS catchment.

The influent concentration of SMX (1090 ± 1000 ng/l) 
was the highest among all antibiotics, followed by AMP 
(491.1 ± 254.3 ng/l), ERY (350.8 ± 203.8 ng/l) and CIP 
(231.1 ± 723.6 ng/l). The influent concentrations of SMX 
and ERY in this work were higher compared to studies 
from European countries (Papageorgiou et al. 2016; Göbel 
et al. 2005), but consistent with studies from Southeast 
Asian countries (Tran et al. 2016). The difference in the 
detected antibiotic concentrations in influents from differ-
ent studies may be due to the difference in drug prescrip-
tion practices between the regions (Akiba et al. 2015).

In the secondary effluents, SMX appeared as the highest 
concentration antibiotic (449.8 ± 392.1 ng/L), followed by 
ERY (400.4 ± 95.1 ng/L), AMP (136.3 ± 38.3 ng/L) and 
CIP (128.5 ± 82.7 ng/L). In the final effluent samples, 
SMX remained the highest concentration antibiotic, having 
a detected concentration of 398.1 ± 443.3 ng/L, followed 
by ERY (209.9 ± 103.9 ng/L), CIP (158.1 ± 105.3 ng/L) 
and AMP (115.1 ± 120.2 ng/L). These findings showed 
that the concentrations of selected antibiotics remained 
above 100 ng/L throughout the treatment line.

Sewage sludge

The antibiotics and their concentrations detected in the 
sewage sludge are shown in Table 2. In general, most 
antibiotics were detected in all samples, except for AMP. 
Of these, CIP had the highest concentration (24.1 ng/g to 
317.4 ng/g) compared to ERY (6.5 ng/g to 22.5 ng/g) and 
SMX (1.7 ng/g to 40.2 ng/g). The antibiotic concentrations 
in the sludge from EA plants were relatively high com-
pared to IT plants. The concentrations of ERY and SMX 
in the sewage sludge from EA plants were similar to previ-
ous studies (Hu et al. 2018; Gao et al. 2012) conducted in 
activated sludge systems. However, the CIP concentration 
detected in this study was higher than in previous studies 
(Hu et al. 2018; Li et al. 2013). No comparison could be 
made for IT plants as no study has been conducted on IT 
plants elsewhere.

Removal efficiencies of antibiotics in STPs

The overall removal efficiencies of all antibiotics in differ-
ent treatment systems are shown in Fig. 1. Of these, CIP 
(− 26.4% to 59.7%) had a significantly lower removal effi-
ciency as compared to AMP (29.3% to 97.7%), ERY (5.4% 
to 99.9%) and SMX (39.7% to 99.9%) (MW, p < 0.05). The 
findings from this study allowed us to know that CIP was 
more resistant to treatment regardless of the treatment sys-
tem employed when compared to AMP, ERY and SMX. The 
negative removal could be the result of the transformation 
of the conjugated compound to parent compound by micro-
organisms during the treatment process (Göbel et al. 2005). 
The negative removal of CIP was reported in a previous 
study with removal as low as − 88.6% (Blair et al. 2015).

The comparison of antibiotic removals between this study 
and previous studies is shown in Fig. 2. In general, the over-
all removal of AMP and CIP in this study is considerably dif-
ferent with previous studies. However, the removals of ERY 
and SMX are similar with previous studies. Between 56.8 
and 95% of AMP removal was reported in previous studies 
(Papageorgiou et al. 2016; Mutiyar and Mittal 2014; Li and 
Zhang 2010), but only 29.3% to 97.7% removal was recorded 
in this study. As for CIP, lower removal was achieved by the 
treatment plants in this work. In previous studies, − 4.5% to 
96.1% removal of CIP were recorded (Min et al. 2018; Li 
et al. 2013; Li and Zhang 2010), but only − 26.4% to 59.7% 
of removal was recorded in this work.

The removal efficiencies of ERY in this work are slightly 
higher compared to previous studies. About 5.4% to 99.9% 
of ERY was removed in this work, while 0 to 90% of ERY 
removal was reported by previous studies (Hu et al. 2018; 
Li et al. 2013; Li and Zhang 2010; Göbel et al. 2005). On 
the other hand, SMX have the similar removal between 
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this study (39.7% to 99.9%) and previous studies (34.8% to 
97.3%) (Min et al. 2018; Göbel et al. 2005).

The removal of antibiotics according to the treatment sys-
tem used is shown in Fig. 3. In general, EA plants achieved 
slightly better antibiotic removal efficiencies as compared 
to IT and CAS plants. CIP and SMX were better removed in 
EA plants; on the other hand, only ERY was better removed 
in IT plants and only AMP was better removed in CAS 
plants. However, the removal of only ERY was significant 
between EA and IT plants (CAS was excluded as it was 
undetected in the sample) (MW, p < 0.05), and AMP, CIP 
and SMX were insignificantly different between all studied 
treatment systems (KW, p > 0.05). This indicates that the 
removal of AMP, CIP and SMX was similar in the stud-
ied plants. The average removals of the targeted antibiotics 
were as follows (EA vs IT vs CAS): AMP (89.4 ± 11.6% vs 

51.6 ± 27.9% vs 97.4%), CIP (26.5 ± 26.7% vs 17.6 ± 40.3% 
vs − 6.8%), ERY (27.9 ± 31.6% vs 86.9% ± 15.4% vs unde-
tected) and SMX (81.6 ± 23.9% vs 54.1 ± 21.3% vs 77.8%). 
The negative removal of CIP was observed in all treatment 
systems. The results indicated that different types of systems 
seemed to have different capabilities in removing different 
types of antibiotics.

AMP was the only antibiotic that could effectively be 
removed by all the studied systems. As one of the β-lactam 
class antibiotics, the effective removal of AMP has been 
frequently reported. Matsuo et al. (2011) and Tran et al. 
(2016) concluded that AMP was effectively removed in 
conventional STPs, with removal efficiencies up to 90% and 
87%, respectively. The high removal of AMP could be due to 
the easy hydrolytic cleavage of the β-lactam ring within the 
AMP to  CO2 and water by β-lactamase, which is a common 
and widespread enzyme in the wastewater (Yagiela et al. 
2010).

The resistance to treatment characteristic of CIP was 
observed in this work. The removal of CIP was below 60% 
regardless of the system employed. The removal of CIP 
recorded in this study contradicts most of the previous find-
ings. Although one previous study showed the negative 
removal of CIP (Blair et al. 2015), the majority of stud-
ies showed the effective removal of CIP with an average 
removal of more than 70% (Hu et al. 2018; Min et al. 2018; 
Tran et al. 2016; Dorival-García et al. 2013; Li and Zhang 
2010). Of these, Li and Zhang (2010) and Dorival-García 
et al. (2013) reported consistent results regarding the effec-
tive removal of more than 90% of CIP in the activated sludge 
system. Similarly, Tran et al. (2016) reported the removal of 
CIP with an efficiency of 86% in a full-scale CAS system.

The differences between the results of this work and 
previous studies could be due to two reasons. First, the 
MLSS concentrations of EA plants in this work are sig-
nificantly lower compared to the activated sludge plants in 
other works. In previous studies, the reported MLSS was 
approximately 2300 to 2500 mg/L (Kang et al. 2018; Tran 
et al. 2016). However, the MLSS of EA plants in this work 
was only 793 to 1120 mg/L (Table 1). Second, the poorer 
removal of CIP could be due to the absence of a mixing 
mechanism in IT plants. CIP has often been reported to be 
removed through sorption onto biomass due to the cation 
characteristic of CIP under neutral pH conditions (Tran et al. 
2016; Dorival-García et al. 2013; Li and Zhang 2010). While 
the biomass concentration and mixing have been reported 
to have a positive effect on the sorption of compounds (Kim 
et al. 2005), the lower MLSS concentration in the EA plants 
and absence of mixing in the IT plants might have reduced 
the sorption of CIP onto the biomass, and hence the removal.

ERY was only detected in samples from EA and IT 
plants. The removal of ERY was more effective IT plants 
(69.8% to 78.1%) as compared to EA plants (5.4% to 
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64.1%). Furthermore, the performance was also more 
stable in IT plants, judging from its low variation. The 
effective removal of ERY in IT plants might be due to the 
anaerobic conditions that prevailed in the system. Accord-
ing to Xue et al. (2010), the removal of ERY was better 
under anaerobic conditions and less effective under aerobic 
conditions. Furthermore, previous findings on the removal 
of ERY in activated sludge systems were inconsistent. 
Some studies showed that ERY was ineffectively removed 
(< 60%) (Tran et al. 2016; Li and Zhang 2010; Göbel et al. 
2005), while other reported the opposite (> 85%) (Suárez 
et al. 2010). The reason for this inconsistency is currently 
unknown and requires further examination.

The removal of SMX was more effective in EA and 
CAS plants (> 75%) as compared to IT plants (< 55%). 
The differences in pollutant removal might be due to 
the different redox conditions. SMX was reported to be 
effectively removed in aerobic conditions compared to 
anaerobic conditions (Kang et al. 2018; Zhao et al. 2018). 
Kang et al. (2018) reported that SMX was not removed 
under anaerobic conditions and was only removed after 
the reactor changed to aerobic conditions. Furthermore, as 
SMX was mainly removed through biodegradation (Min 
et al. 2018; Kang et al. 2018), aerobic conditions, which 
are significantly related to nitrification, were reported to 
enhance the removal of SMX (Kang et al. 2018; Alvarino 
et al. 2014).

Mass flow of antibiotics

Figures 4, 5 and 6 show the mass flow of antibiotics for three 
EA plants (EA1, EA2 and EA3), two IT plants (IT1 and IT2) 
and the CAS plant, respectively. The mass flow was the mass 
fraction of antibiotics that left each treatment unit through 
its stream. The data for antibiotics in the sewage sludge of 
the CAS plant were unavailable as the sample was inacces-
sible. In general, the mass fraction of antibiotics decreased 
throughout the process. The mass fraction of antibiotics in 
the secondary effluent and final effluent samples of all plants 
ranged from 7 to 127% and 2.2 to 126.3% of the influent 
mass, respectively, indicating that a high mass fraction of 
antibiotics was discharged into the receiving river after the 
treatment process.

In the EA process, the mass fraction of antibiotics found 
in the stream after the aeration tank varied; large inconsist-
encies were observed between antibiotics and even between 
the plants (Fig. 4). The lowest mass fraction found in the 
secondary effluents was 7%, which was for AMP in EA1, 
and the highest mass fraction found in secondary effluent 
was ERY in EA1, which was 146.9%. For AMP, 41.2% to 
69.1% of the influent mass was found in the secondary efflu-
ents of EA2 and EA3, but a lower fraction (7%) of the AMP 
mass fraction was found in the secondary effluent of EA1. A 
similar trend was observed for CIP, in which 78.1% to 92.5% 
of CIP was found after aeration tank in EA2 and EA3, but a 
lower fraction (27%) was found in the secondary effluent of 

Fig. 4  Mass flow of antibiotics in EA plants. MDL method detection limit
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EA1. An increase in the mass fraction after the aeration tank 
process was observed for ERY; 52% to 147% of ERY was 
detected in the secondary effluents of EA plants. The mass 
fraction of SMX found in the secondary effluents was higher 
in EA1 (48%) and EA2 (31%) as compared to EA3 (12%).

The secondary clarifier in EA plants further decreased 
the mass fraction of antibiotics in the secondary effluents. 

Less than 30% of the original AMP (2.7% to 17.9%) and 
SMX (7.09% to 30%) were found in final effluents of all 
EA plants; however, a slight increase of the SMX mass 
fraction was observed in EA3 after the secondary clari-
fier was utilised. The mass fraction of CIP also increased 
after the secondary clarifier was implemented in EA1. A 

Fig. 5  Mass flow of antibiotics in IT plants. MDL method detection limit

Fig. 6  Mass flow of antibiotics in CAS plant. MDL method detection limit
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consistent ERY mass fraction was found in the final efflu-
ents of EA1 and EA2 (35% to 88%).

In the IT systems, the mass fractions of AMP, SMX and 
ERY decreased after passing through the treatment chamber, 
with mass fractions left in final effluents ranging from 2.2 to 
82% (Fig. 5). For CIP, the mass fractions in both IT plants 
increased after treatment (106.7% and 126.3%). The lowest 
mass fraction found after treatment was for AMP in IT2, 
with only 2.2% of the influent mass detected.

The increase in the mass fraction after passing through 
the treatment unit was commonly reported (Gao et al. 2012). 
However, the reason for the negative removal of antibiotics 
in STPs is currently unclear. Several hypotheses have been 
postulated, such as (1) microorganisms break down the fae-
cal particles in the wastewater and released the PPCPs that 
were initially enclosed within these particles (Göbel et al. 
2005); (2) undetected metabolites are transformed to their 
parent compounds by microorganisms (Blair et al. 2015) and 
(3) as the antibiotic concentration decreases in the waste-
water, the desorption of the antibiotic from the sludge into 
water phases takes place when the sorption equilibrium 
shifts to the aqueous phase; this is very much related to 
antibiotics that possess strong sorption potential (Gao et al. 
2012).

The mass fractions of antibiotics that were detected in the 
sewage sludge from EA plants were significantly higher as 
compared to the sludge from IT plants. In EA plants, 0.6% to 
18.7% of antibiotics were sorbed into the sludge, while only 
0.004% to 0.3% of antibiotics were found in the sludge from 
IT plants. Among all antibiotics, CIP had the highest mass 
fraction that sorbed into sewage sludge in both systems.

The findings from this section revealed that up to 117.4 g, 
273.1 g, 170.6 g and 734.6 g of AMP, CIP, ERY and SMX, 
respectively, are discharged into the receiving river annu-
ally from all the STPs studied in this work. Although this 
amount could be insignificant, the situation may be ampli-
fied in larger-scale plants with greater flow rates.

Mass balance analysis of antibiotics

The removal pathways of antibiotics in EA and IT plants 
were estimated using the principle of mass balance 
 (MFbio =  MFaq,inf –  [MFaq,eff +  MFsorp]. The mass fractions 
of the antibiotic that was biodegraded were estimated 
using Eqs. (4) to (6). The mass fractions that were removed 
through sorption were estimated through the direct measure-
ment of antibiotics in the sewage sludge. The mass fractions 
of antibiotics that were removed through biodegradation and 
sorption are illustrated in Fig. 7.

AMP was fully removed through biodegradation; sorption 
was absent throughout the removal process in EA and IT 
plants. The fractions of biodegraded AMP in EA plants were 
large, ranging from 82.1 to 91.3%. This finding supports the 

earlier discussion that AMP is highly biodegradable, mainly 
because of the easily hydrolysed characteristic of this anti-
biotic (Yagiela et al., 2010). Similar findings were reported 
by Gao et al. (2012), in which 95% of AMP was removed in 
activated sludge systems through biodegradation, and less 
than 0.1% of AMP was found in the wasted sludge.

However, the mass fractions of AMP that were biode-
graded in the anaerobic IT plants were much lower as com-
pared to EA plants, ranging from 17.2 to 46.2%. The lower 
biodegradation of AMP in IT plants could be due to the 
differences between the redox conditions and microorgan-
ism communities in these systems. Previous studies reported 
that the anaerobic process could not effectively remove AMP 
during the treatment of wastewater (Huang et al. 2018; 
Zhou et al. 2006). Instead, effective removal of AMP was 
reported in previous work under aerobic conditions (Gao 
et al. 2012). Furthermore, the nitrification process that only 
occurred under aerobic conditions showed positive effects 
in the removal of AMP (Muñoz et al. 2020; Labinghisa and 
Rollon 2014). Besides, certain microorganisms such as Thio-
thrix spp., Acinetobacter spp. and Flavobacterium spp. that 
are related to the degradation of AMP only live under aero-
bic conditions (Xia et al. 2012; Shen et al. 2010). Hence, it 
is well understood that the biodegradation and removal of 
AMP in IT plants were not as effective as in EA plants.

In EA plants, the fractions of CIP that were removed 
through biodegradation and sorption ranged from 12.9 to 
31.2% and 9.8 to 18.6%, respectively. This indicated that 
both mechanisms were important during the removal process 
in activated sludge systems. The biodegradability of CIP is 
well supported by findings reported in previous studies (Min 
et al. 2018; Wang et al. 2017; Dorival-García et al. 2013; 
Li and Zhang 2010). The high sorption potential of CIP in 
activated sludge systems has also been observed in previous 
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research (Min et al. 2018; Dorival-García et al. 2013); it has 
been associated with CIP’s physicochemical characteristics 
as a highly polarised and highly water-soluble antibiotic, 
which can act as a cation (Tran et al. 2016; Dorival-García 
et al. 2013). Hence, hydrophobic and electrostatic interac-
tions were significant during the removal process in acti-
vated sludge systems.

The removal of CIP in IT plants was mainly due to bio-
degradation (− 26.6% to 28%), with sorption being insig-
nificant (0.29% to 0.33%). The negative mass fraction of 
CIP was observed only in IT2 as a higher concentration was 
detected in effluents than in influents. A similar observation 
was reported by Liu et al. (2017) and has been discussed 
earlier. Except for the negative value, the biodegradation 
mass fractions of CIP in IT plants are almost similar to those 
in EA plants. This indicated that the differences between the 
systems do not impose significant effects on the biodegra-
dation of CIP. The differences in the sorption behaviour of 
CIP in IT plants could be caused by the absence of a mixing 
mechanism in IT plants. The absence of mixing could affect 
bulk mass transfer and, thus, induce a significant barrier for 
the sorption of CIP (Wang et al. 2017).

In the case of ERY, biodegradation acted as the primary 
removal route and sorption was considered insignificant in 
EA plants. Approximately 9.7% to 63.4% of ERY was bio-
degraded, and 0.6% to 1.3% of ERY was sorbed into the 
sewage sludge in EA plants. The high biodegradability of 
ERY was also reported by Suárez et al. (2010). Suárez et al. 
(2010) reported that 85% of ERY was removed through bio-
degradation at a high biodegradation rate in activated sludge 
systems. The weak sorption behaviour of ERY in activated 
sludge systems was reported by Hu et al. (2018); the concen-
tration of ERY detected in the sewage sludge was consistent 
with the results of the present work and was insignificant.

Similarly, biodegradation acted as significant removal 
route for ERY and sorption was insignificant in IT plants. 
Approximately 41.2% to 78.1% of ERY was biodegraded 
and 0.04% was sorbed into the sewage sludge in IT plants. 
However, the mass fractions of ERY that were biodegraded 
in the anaerobic IT plants were higher and more consist-
ent as compared to EA plants. The difference between the 
redox conditions in EA and IT plants might explain this find-
ing as previous studies revealed that ERY was significantly 
removed under anaerobic conditions and less significantly 
removed under aerobic conditions (Xue et al. 2010). Fur-
thermore, the denitrification that occurred at a low dissolved 
oxygen level had a positive effect on the biodegradation of 
ERY (Polesel et al. 2017). Regarding the low sorption poten-
tial of ERY in all plants, despite the physiochemical charac-
teristics of ERY that were expected to favour high sorption, 
both the present study and previous studies observed the low 
sorption potential of ERY (Göbel et al. 2005). Hence, further 
investigation is required to clarify this observation.

The primary removal pathway of SMX was biodegrada-
tion (28.7% to 79.7%), with sorption (0.3% to 0.8%) being 
insignificant in EA plants. The findings of the present study 
are consistent with previous studies (Min et al. 2018; Alva-
rino et al. 2014; Suárez et al. 2012, 2010; Joss et al. 2006). 
For example, Gao et al. (2012) reported that more than 80% 
of SMX was removed by the CAS system and only 0.1% of 
SMX was found in the sludge, indicating that a majority of 
the SMX was removed through biodegradation.

Lower mass fractions of SMX were biodegraded in IT 
plants as compared to EA plants, ranging from 37.8 to 
47.3%. Insignificant fractions of SMX were sorbed into the 
sewage sludge (0.04% to 0.2%). The removal of SMX was 
reported to be more effective under aerobic conditions as 
compared to anaerobic conditions (Kang et al. 2018; Zhao 
et al. 2018). Studies also revealed that SMX was signifi-
cantly correlated with nitrification activities; it could be used 
as a co-subtract during the cometabolism of ammonia (Mül-
ler et al. 2013). The low sorption potential of SMX could be 
due to the characteristics of SMX, as it is neutral and highly 
water-soluble. Thus, hydrophobic and electrostatic interac-
tions are unlikely to happen (Tran et al. 2016).

Table S5 shows the sorption coefficients of CIP, ERY and 
SMX that were calculated using Eq. (7). The  Kd values vali-
dated the sorption potential of CIP being the highest among 
the targeted antibiotics, followed by SMX and ERY. The  Kd 
values in this work were generally higher as compared to 
those from previous studies.

A stronger sorption potential of CIP was demonstrated 
in all systems as compared to ERY and SMX, indicating 
that the physiochemical characteristics of antibiotics sig-
nificantly affected their  Kd values. Besides, the  Kd values 
of all antibiotics were also significantly higher in EA plants 
as compared to IT plants, showing that the operation of the 
treatment systems could also impose significant effects on 
the sorption coefficient of antibiotics. Furthermore, the  Kd 
values of antibiotics differed significantly within the same 
treatment system types (e.g. CIP in EA1, EA2 and EA3). 
Hence, it could be inferred that the sorption of antibiotics 
onto the biomass in the treatment systems was affected by 
both internal (psychochemical characteristics) and external 
(operational parameters of STPs) factors.

Relationship between wastewater parameters 
and antibiotic removal

The performance of the STPs in terms of wastewater param-
eters is shown in Table S6. In general, EAs and CAS showed 
higher removal efficiencies on most parameters, while IT 
was the least effective treatment system. The longer retention 
time in EAs allowed the system to minimise the sludge gen-
eration and handle variable flow rates and organic strengths 
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in wastewater. The efficiency of EAs has been well docu-
mented since a few decades ago (Sotirakou et al., 1999).

While IT was a popular treatment system a century ago, 
it is commonly used as the primary treatment nowadays. A 
simple anaerobic process is designed without aeration and 
mixing, and its typical performance is less effective than 
that of activated sludge systems (Reynolds and Richards 
1996). Thus, it is understandable that the average removal 
of antibiotics by ITs across almost all parameters is lower 
as compared to EA plants. The removal efficiencies of most 
parameters for CAS systems are between those of EA and 
IT plants.

The negative ammonia removal in IT plants was possibly 
due to the result of the dissimilatory nitrate reduction to 
ammonia, which is a common process that happens dur-
ing the denitrification process under anaerobic treatment 
conditions (Akunna et al. 1994). For CAS, it was unclear 
that the ammonia was not effectively removed. Furthermore, 
as organic nitrogen rapidly breaks down into ammonia in 
wastewater, the minimum nitrification might have been 
insufficiently efficient to surpass the generation of ammonia 
in both plants (Peavy and Tchobanoglous 1985).

Spearman’s correlation (Sp) between the removal of 
wastewater parameters and antibiotics was computed to 
determine the relationship between both removals. To 
improve the reliability of the results, the correlation was 
based on the removal data from the same batch only. For 
example, the antibiotic removal data from October 2018 and 
February and June 2019 were correlated with the removal 
data of wastewater parameters in those respective months 
and batches only. The correlation analyses did not include 
results from the CAS plant because less than two antibiotics 
were detected in samples from the CAS plant, which could 
not generate any relationship based on the data obtained. 
However, the results presented in this section were statisti-
cally insignificant (ANOVA, p > 0.05) owing to the small 
sample size.

Table 3 shows the Sp values of the removals. In general, 
the relationship was considered strongly positively cor-
related if the value was above 0.7 and strongly negatively 
correlated if the value was below − 0.7 (RGC-IBG n.d.). 

Based on this criterion, only certain wastewater param-
eters were strongly correlated to antibiotic removal. The 
values that were above 0.7 and less than − 0.7 are high-
lighted in bold.

The removal of AMP in EA plants was strongly correlated 
to BOD (0.7), ammonia (0.8) and TP (− 0.7) removal. This 
indicated that AMP removal was higher when the removal 
of BOD and ammonia were higher, and inversely with TP 
removal in EA plants. On the other hand, the removal of 
AMP in IT plants was positively correlated to tCOD (0.7) 
and BOD (0.7). These relationships indicated that the 
removal of AMP was higher when the removal of tCOD 
and BOD were higher in IT plants. The positive relationships 
between AMP removal and BOD and ammonia removal in 
both plants showed that AMP could be cometabolised by 
heterotrophic and nitrifying bacteria during the treatment 
process. A previous study revealed similar experimental 
results, showing that AMP was better removed when COD 
removal was stronger and nitrification occurred (Labinghisa 
and Rollon 2014).

The removal of CIP was weakly correlated with the 
removal of any wastewater parameters in EA plants. How-
ever, the removal of CIP in IT plants was strongly corre-
lated with the removal of TN (0.77) and TP (− 0.9). The 
positive correlation between TN and CIP removal suggested 
the possible cometabolism of CIP under anaerobic condi-
tions. Although anaerobic conditions do not favour ammo-
nia oxidation, Jetten et al. (1998) reported that ammonia 
could be oxidised through the anammox process. As shown 
in Table S6, no ammonia was oxidised during the treatment 
process, and since nitrate was presented in the influent of 
wastewater (data not shown), the denitrification process was 
the only process that could be associated with the removal 
of CIP. One of the denitrifiers (nitrate-reducing bacteria) 
was previously reported to be significantly related to the 
removal of CIP during the denitrification process (Martins 
et al. 2018). A study showed that CIP was removed through 
cometabolism during the denitrification process and con-
sumed by nitrate-reducing bacteria as the sole carbon and 
electron source. Furthermore, the removal of CIP was pre-
viously reported as effective and rapid under denitrification 

Table 3  Spearman correlations 
between removal of antibiotics 
and wastewater parameters

Sp values AMP CIP ERY SMX

EA IT EA IT EA IT EA IT

tCOD 0.5 0.7 0.41 − 0.49 0.5 0.73 − 0.41 0.5
BOD 0.7 0.7 − 0.29 − 0.64 − 0.5 0.73 − 0.11 0.5
TSS − 0.6 − 0.5 − 0.35 0.54 0.5 − 0.32 0.41 − 0.5
NH3 0.8 − 0.2 − 0.07 0.18 1.0 0.73 − 0.07 0.5
TN 0.1 − 0.6 0.57 0.77 0.5 0.63 0.77 − 0.5
TP − 0.7 − 0.4 − 0.07 − 0.9 0.5 − 0.73 − 0.63 − 0.5
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conditions, indicating the occurrence of CIP cometabolism 
(Ooi et al. 2018).

The removal of several wastewater parameters was 
strongly correlated with ERY removal, including ammo-
nia in EA plants and TCOD, BOD, ammonia and TP in IT 
plants. The positive correlation between ammonia and ERY 
removal in EA plants indicated that ERY was possibly being 
cometabolised by nitrifying bacteria during the treatment 
process of EA plants. Previous findings reported by Suárez 
et al. (2010) and Fernandez-Fontaina et al. (2016) revealed 
that ERY was effectively removed under nitrifying condi-
tions but less effectively so without nitrifying bacteria. This 
proved the importance of nitrifying bacteria and their asso-
ciation with the removal of ERY under aerobic conditions.

The positive relationship between TCOD and BOD 
removal and ERY removal in IT plants indicated the impor-
tance of heterotrophic bacteria during the removal of ERY 
under aerobic conditions, as confirmed by Fernandez-Fon-
taina et al. (2016). The positive correlation between ammo-
nia and ERY removals could be explained by the conversion 
of organic nitrogen into ammonia in the anaerobic process. 
The lower generation of ammonia could be translated as 
better ammonia removal. The generation of ammonia sup-
pressed the ERY removal in IT plants, which resulted in the 
lower removal of ERY. Hence, the lesser the ammonia gener-
ated was, the better the removal of ERY would be.

The removal of SMX was only negatively correlated to 
the TN removal in EA, and no removal of the wastewater 
parameters was correlated with the removal of SMX in IT 
plants. The positive relationship between SMX removal and 
ammonia removal in EA plants agreed with the results high-
lighted by previous studies (Kang et al. 2018; Zhao et al. 
2018), signifying the role of nitrifying bacteria during the 
treatment of SMX.

It is worth noting that the removal of most antibiotics was 
negatively correlated with TP removal in EA and IT plants. 
To the best of our knowledge, no study has been conducted 
concerning this observation. It is known that phosphate in 
wastewater is mainly degraded by phosphorus-accumulating 
organisms (PAO) (Dorofeev et al. 2020). Hence, it can be 
postulated that the removal of the antibiotics was strongly 
related to these microorganisms during wastewater treat-
ment. However, further research is required to clarify this 
phenomenon.

Conclusions

In this work, the occurrence and removal of four types of 
antibiotics in three different types of STPs were studied 
and presented. Most selected antibiotics were detected in 
the influents, secondary effluents and final effluents of STPs 
with concentrations ranging from ng/l to µg/l levels. The 

STPs investigated could only partially remove the selected 
antibiotics from the wastewater.

In general, no evidence showed that the removal of anti-
biotics accomplished by conventional treatment systems 
was significantly superior to that of decentralised treat-
ment systems. AMP and SMX were effectively removed 
by EA and CAS plants (> 75% reduction), ERY was effec-
tively removed by IT plants (> 85% reduction) and CIP 
could not be removed effectively by any type of system 
(< 30% reduction). Therefore, the combination between 
conventional and decentralised treatment systems could be 
the possible solution for better antibiotic removal.

Using mass flow analyses, it was estimated that 7% to 
147%, 2.7% to 89% and 0.3% to 18.7% of antibiotic frac-
tions were left in the secondary effluent, final effluent and 
sewage sludge of EA plants, respectively. For IT plants, 
21.9% to 126.3% and 0.004% to 0.3% of the antibiotic 
were left in the final effluent and sewage sludge, respec-
tively. Approximately 2.2% to 106.7% of the antibiotic was 
left in the final effluent of the CAS plant. It was estimated 
that 117.38 g, 273.07 g, 170.55 g and 734.57 g of AMP, 
CIP, ERY and SMX, respectively, were discharged annu-
ally into the environment from the studied STPs. Mass 
balance analyses also showed that biodegradation was the 
most important removal pathway for all antibiotics in all 
STPs. The sorption of antibiotics only accounted for mar-
ginal antibiotic removal in all STPs.

The removal of certain wastewater parameters and anti-
biotics were highly correlated. Despite ANOVA analysis 
showing these relationships were not sufficient significant, 
these preliminary findings acted as the recommendation 
for future study.

As a conclusion, conventional and decentralised sewage 
treatment systems are insufficient to prevent the discharge 
of antibiotics into the environment. While the impacts of 
these chemicals on the environmental ecosystem are not 
well established, the increasing consumption of antibiot-
ics that may find their way into STPs and be eventually 
discharged into our water bodies could pose serious threats 
to environmental as well as human health. As conventional 
and decentralised treatment systems are well adopted glob-
ally due to economic considerations, more work must be 
carried out to improve their performance in dealing with 
these emerging pollutants.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13762- 021- 03519-4.

Acknowledgements This work was fully funded by British 
Council Newton Ungku Omar Fund (PY/2018/02972) and Uni-
versiti Teknologi Malaysia under International/Industry Incen-
tive Grant (Q.J130000.3051.01M36), Research University Grant 
(Q.J130000.2522.17H15) and Collaborative Research Grant 

https://doi.org/10.1007/s13762-021-03519-4


5560 International Journal of Environmental Science and Technology (2022) 19:5547–5562

1 3

(Q.J130000.2451.09G47). The author would also like to acknowledge 
Indah Water Consortium (IWK) Sdn. Bhd. for supporting this study.

Authors’ contributions CXC performed literature search, experimental 
work, data analysis and wrote the original draft; AA and ELY super-
vised, reviewed and revised the draft; ZZN managed the project and 
funding.

Declarations 

Conflict of interest The authors declare that they have no conflicts of 
interest.

Ethical approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

References

Aditi S, Erta K, Geetanjali K, Jess C, Ruchita B, Sehr B et al (2021) 
The State of the World’s Antibiotics Report in 2021. Ecomomics 
& Policy (CDDEP)

Akiba M, Senba H, Otagiri H, Prabhasankar VP, Taniyasu S, Yamash-
ita N, Lee KI, Yamamoto T, Tsutsui T, Joshua DI, Balakrishna K 
(2015) Impact of wastewater from different sources on the preva-
lence of antimicrobial-resistant Escherichia coli in sewage treat-
ment plants in South India. Ecotoxicol Environ Saf 115:203–208

Akunna JC, Bizeau C, Moletta R (1994) Nitrate reduction by anaerobic 
sludge using glucose at various nitrate concentrations: ammonifi-
cation, denitrification and methanogenic activities. Environ Tech-
nol 15(1):41–49

Alvarino T, Suárez S, Lema JM, Omil F (2014) Understanding the 
removal mechanisms of PPCPs and the influence of main techno-
logical parameters in anaerobic UASB and aerobic CAS reactors. 
J Hazard Mater 278:506–513

American Public Health Association (APHA) American Water Works 
Association & Water Environment Federation (2017) Standard 
methods for the examination of water and wastewater. American 
Public Health Association, Washington

Behera SK, Kim HW, Oh JE, Park HS (2011) Occurrence and removal 
of antibiotics, hormones and several other pharmaceuticals in 
wastewater treatment plants of the largest industrial city of Korea. 
Sci Total Environ 409(20):4351–4360

Blair B, Nikolaus A, Hedman C, Klaper R, Grundl T (2015) Evaluating 
the degradation, sorption, and negative mass balances of pharma-
ceuticals and personal care products during wastewater treatment. 
Chemosphere 134:395–401

Capodaglio AG (2017) Integrated, decentralized wastewater man-
agement for resource recovery in rural and peri-urban areas. 
Resources 6(2):22

Carballa M, Omil F, Lema JM (2007) Calculation methods to per-
form mass balances of micropollutants in sewage treatment 
plants. Application to pharmaceutical and personal care products 
(PPCPs). Environ Sci Technol 41(3):884–890

Chong MN, Ho AN, Gardner T, Sharma AK, Hood B (2013) Assess-
ing decentralised wastewater treatment technologies: correlating 
technology selection to system robustness, energy consumption 
and GHG emission. J Water Clim Change 4(4):338–347

Dorival-García N, Zafra-Gómez A, Navalón A, González-López J, 
Hontoria E, Vílchez JL (2013) Removal and degradation char-
acteristics of quinolone antibiotics in laboratory-scale activated 
sludge reactors under aerobic, nitrifying and anoxic conditions. J 
Environ Manag 120:75–83

Dorofeev AG, Nikolaev YA, Mardanov AV, Pimenov NV (2020) Role 
of phosphate-accumulating bacteria in biological phosphorus 
removal from wastewater. Appl Biochem Microbiol 56(1):1–14

Drillia P, Dokianakis SN, Fountoulakis MS, Kornaros M, Stamatela-
tou K, Lyberatos G (2005) On the occasional biodegradation of 
pharmaceuticals in the activated sludge process: the example of 
the antibiotic sulfamethoxazole. J Hazard Mater 122(3):259–265

EPA US (2000) EPA Guidelines for Management of Onsite/Decentral-
ized Wastewater Systems. EPA-832-F-00-012

EPA US (2007) EPA Method: 1694, Pharmaceuticals and personal care 
products in water, soil, sediment, and biosolids by HPLC/MS/MS, 
EPA-821-R-08-002

Fernandez-Fontaina E, Gomes IB, Aga DS, Omil F, Lema JM, Carballa 
M (2016) Biotransformation of pharmaceuticals under nitrifica-
tion, nitratation and heterotrophic conditions. Sci Total Environ 
541:1439–1447

Gao P, Ding Y, Li H, Xagoraraki I (2012) Occurrence of pharmaceuti-
cals in a municipal wastewater treatment plant: mass balance and 
removal processes. Chemosphere 88(1):17–24

Göbel A, Thomsen A, McArdell CS, Joss A, Giger W (2005) Occur-
rence and sorption behavior of sulfonamides, macrolides, and 
trimethoprim in activated sludge treatment. Environ Sci Technol 
39(11):3981–3989

Hu J, Zhou J, Zhou S, Wu P, Tsang YF (2018) Occurrence and fate of 
antibiotics in a wastewater treatment plant and their biological 
effects on receiving waters in Guizhou. Process Saf Environ Prot 
113:483–490

Huang B, Wang HC, Cui D, Zhang B, Chen ZB, Wang AJ (2018) Treat-
ment of pharmaceutical wastewater containing β-lactams antibi-
otics by a pilot-scale anaerobic membrane bioreactor (AnMBR). 
Chem Eng J 341:238–247

Ho G, Anda M (2006) Centralised versus decentralised wastewater sys-
tems in an urban context: the sustainability dimension. In: Beck 
MB, Speers A (eds) 2nd IWA leading edge on sustainability in 
water-limited environments. IWA Publishing, pp 81–89

Indah Water Konsortium (IWK). https:// www. iwk. com. my/ do- you- 
know/ sewage- treat ment- system. Accessed July 2020

Istenic D, Bodík I, Bulc T (2015) Status of decentralised wastewater 
treatment systems and barriers for implementation of nature-based 
systems in central and eastern Europe. Environ Sci Pollut Res 
22(17):12879–12884

Jetten MS, Strous M, Van de Pas-Schoonen KT, Schalk J, van Dongen 
UG, van de Graaf AA et al (1998) The anaerobic oxidation of 
ammonium. FEMS Microbiol Rev 22(5):421–437

Joss A, Zabczynski S, Göbel A, Hoffmann B, Löffler D, McArdell CS 
et al (2006) Biological degradation of pharmaceuticals in munic-
ipal wastewater treatment: proposing a classification scheme. 
Water Res 40(8):1686–1696

Kang AJ, Brown AK, Wong CS, Yuan Q (2018) Removal of anti-
biotic sulfamethoxazole by anoxic/anaerobic/oxic granular 
and suspended activated sludge processes. Bioresour Technol 
251:151–157

Kim S, Eichhorn P, Jensen JN, Weber AS, Aga DS (2005) Removal of 
antibiotics in wastewater: effect of hydraulic and solid retention 
times on the fate of tetracycline in the activated sludge process. 
Environ Sci Technol 39(15):5816–5823

https://www.iwk.com.my/do-you-know/sewage-treatment-system
https://www.iwk.com.my/do-you-know/sewage-treatment-system


5561International Journal of Environmental Science and Technology (2022) 19:5547–5562 

1 3

Klein EY, Milkowska-Shibata M, Tseng KK, Sharland M, Gandra S, 
Pulcini C, Laxminarayan R (2021) Assessment of WHO antibi-
otic consumption and access targets in 76 countries, 2000–15: 
an analysis of pharmaceutical sales data. Lancet Infect Dis 
21(1):107–115

Kumar R, Sarmah AK, Padhye LP (2019) Fate of pharmaceuticals 
and personal care products in a wastewater treatment plant with 
parallel secondary wastewater treatment train. J Environ Manag 
233:649–659

Labinghisa RS, Rollon AP (2014) Ampicillin removal by polyvi-
nylidene difluoride (PVDF), polyethersulfone (PES) and nylon 
for membrane bioreactor application. Int J Innov: Manag Technol 
5(2):105

Li B, Zhang T (2010) Biodegradation and adsorption of antibiotics in 
the activated sludge process. Environ Sci Technol 44:3468–3473

Li W, Shi Y, Gao L, Liu J, Cai Y (2013) Occurrence and removal of 
antibiotics in a municipal wastewater reclamation plant in Beijing. 
China Chemosph 92(4):435–444

Liu WR, Yang YY, Liu YS, Zhang LJ, Zhao JL, Zhang QQ et al (2017) 
Biocides in wastewater treatment plants: mass balance analysis 
and pollution load estimation. J Hazard Mater 329:310–320

Malaysian Statistics on Medicines (2011-2014) (MSOM) (2014) Phar-
maceutical Services Division & Clinical Research Centre. Putra-
jaya, Ministry of Health Printing Office

Martinez JL, Baquero F (2017) When pathogens and environmental 
organisms meet. Antimicrobial resistance in wastewater treatment 
processes. Wiley , New Jersey

Martins M, Sanches S, Pereira IA (2018) Anaerobic biodegradation of 
pharmaceutical compounds: new insights into the pharmaceutical-
degrading bacteria. J Hazard Mater 357:289–297

Matsuo H, Sakamoto H, Arizono K, Shinohara R (2011) Behavior 
of pharmaceuticals in waste water treatment plant in Japan. Bull 
Environ Contam Toxicol 87(1):31–35

Min X, Li W, Wei Z, Spinney R, Dionysiou DD, Seo Y et al (2018) 
Sorption and biodegradation of pharmaceuticals in aerobic acti-
vated sludge system: a combined experimental and theoretical 
mechanistic study. Chem Eng J 342:211–219

Müller E, Schüssler W, Horn H, Lemmer H (2013) Aerobic biodeg-
radation of the sulfonamide antibiotic sulfamethoxazole by acti-
vated sludge applied as co-substrate and sole carbon and nitrogen 
source. Chemosphere 92(8):969–978

Muñoz JJR, López FDMC, Texier AC (2020) Ampicillin biotransfor-
mation by a nitrifying consortium. World J Microbiol Biotechnol 
36(2):21

Mutiyar PK, Mittal AK (2014) Occurrences and fate of selected human 
antibiotics in influents and effluents of sewage treatment plant and 
effluent-receiving river Yamuna in Delhi (India). Environ Monit 
Assess 186(1):541–557

Nguyen HT, Thai PK, Kaserzon SL, O’Brien JW, Eaglesham G et al 
(2018) Assessment of drugs and personal care products biomark-
ers in the influent and effluent of two wastewater treatment plants 
in Ho Chi Minh City. Vietnam Sci Total Environ 631:469–475

Ooi GT, Tang K, Chhetri RK, Kaarsholm KM, Sundmark K, Krage-
lund C et al (2018) Biological removal of pharmaceuticals from 
hospital wastewater in a pilot-scale staged moving bed biofilm 
reactor (MBBR) utilising nitrifying and denitrifying processes. 
Bioresour Technol 267:677–687

Papageorgiou M, Kosma C, Lambropoulou D (2016) Seasonal occur-
rence, removal, mass loading and environmental risk assessment 
of 55 pharmaceuticals and personal care products in a municipal 

wastewater treatment plant in Central Greece. Sci Total Environ 
543:547–569

Peavy HS, Tchobanoglous G (1985) Environmental engineering. 
McGraw-Hill, New York

Polesel F, Torresi E, Loreggian L, Casas ME, Christensson M, Bester 
K, Plósz BG (2017) Removal of pharmaceuticals in pre-denitri-
fying MBBR–Influence of organic substrate availability in single-
and three-stage configurations. Water Res 123:408–419

Qiao M, Ying GG, Singer AC, Zhu YG (2018) Review of antibiotic 
resistance in China and its environment. Environ Int 110:160–172

Reynolds TD, Richards PA (1996) Unit operations and processes in 
environmental engineering, 2nd edn. PWS Publishing Company, 
Boston

Rodriguez-Mozaz S, Vaz-Moreira I, Della Giustina SV, Llorca M, 
Barceló D, Schubert S et al (2020) Antibiotic residues in final 
effluents of European wastewater treatment plants and their impact 
on the aquatic environment. Environ Int 140:105733

Shen L, Liu Y, Xu HL (2010) Treatment of ampicillin-loaded wastewa-
ter by combined adsorption and biodegradation. J Chem Technol 
Biotechnol 85(6):814–820

Sotirakou E, Kladitis G, Diamantis N, Grigoropoulou H (1999) Ammo-
nia and phosphorus removal in municipal wastewater treatment 
plant with extended aeration. Glob Nest Int J 1(1):47–53

Suárez S, Lema JM, Omil F (2010) Removal of pharmaceutical and 
personal care products (PPCPs) under nitrifying and denitrifying 
conditions. Water Res 44(10):3214–3224

Suárez S, Reif R, Lema JM, Omil F (2012) Mass balance of pharma-
ceutical and personal care products in a pilot-scale single-sludge 
system: influence of T SRT and recirculation ratio. Chemosphere 
89(2):164–171

Sun Q, Lv M, Hu A, Yang X, Yu CP (2014) Seasonal variation in 
the occurrence and removal of pharmaceuticals and personal care 
products in a wastewater treatment plant in Xiamen, China. J Haz-
ard Mater 277:69–75

Tran NH, Chen H, Reinhard M, Mao F, Gin KYH (2016) Occurrence 
and removal of multiple classes of antibiotics and antimicrobial 
agents in biological wastewater treatment processes. Water Res 
104:461–472

Tran NH, Hu J, Ong SL (2013) Simultaneous determination of PPCPs, 
EDCs, and artificial sweeteners in environmental water samples 
using a single-step SPE coupled with HPLC–MS/MS and isotope 
dilution. Talanta 113:82–92

Wang L, Qiang Z, Li Y, Ben W (2017) An insight into the removal of 
fluoroquinolones in activated sludge process: Sorption and bio-
degradation characteristics. J Environ Sci 56:263–271

World Health Organization (2018) WHO report on surveillance of 
antibiotic consumption: 2016–2018 early implementation World 
Health Organization. http:// www. who. int/ iris/ handle/ 10665/ 
277359. License: CC BY-NC-SA 3.0 IGO. Accessed July 2020

Xia S, Jia R, Feng F, Xie K, Li H, Jing D, Xu X (2012) Effect of solids 
retention time on antibiotics removal performance and micro-
bial communities in an A/O-MBR process. Bioresour Technol 
106:36–43

Xue W, Wu C, Xiao K, Huang X, Zhou H, Tsuno H, Tanaka H (2010) 
Elimination and fate of selected micro-organic pollutants in a 
full-scale anaerobic/anoxic/aerobic process combined with mem-
brane bioreactor for municipal wastewater reclamation. Water Res 
44(20):5999–6010

http://www.who.int/iris/handle/10665/277359
http://www.who.int/iris/handle/10665/277359


5562 International Journal of Environmental Science and Technology (2022) 19:5547–5562

1 3

Yacob H, Ling YE, Hee-Young K, Oh JE, Noor ZZ, Din MFM et al 
(2017) Identification of pharmaceutical residues in treated sew-
age effluents in Johor, Malaysia. Malays J Civ Eng 29:165–173

Yagiela JA, Dowd FJ, Johnson B, Mariotti A, Neidle EA (2010) Prin-
ciple of antibiotic therapy, pharmacology and therapeutics for 
dentistry, 6th edn. Elsevier Health Sciences, St. Louis

Zhao W, Sui Q, Mei X, Cheng X (2018) Efficient elimination of sul-
fonamides by an anaerobic/anoxic/oxic-membrane bioreactor 

process: Performance and influence of redox condition. Sci Total 
Environ 633:668–676

Zhou P, Su C, Li B, Qian Y (2006) Treatment of high-strength phar-
maceutical wastewater and removal of antibiotics in anaero-
bic and aerobic biological treatment processes. J Environ Eng 
132(1):129–136


	Evaluation of the occurrence of antibiotics at different treatment stages of decentralised and conventional sewage treatment plants
	Abstract
	Introduction
	Materials and methods
	Chemicals and consumables
	Wastewater sample collection
	Sewage characterisation
	Sample extraction
	Instrumental analysis
	Quantification and quality control
	Data analysis
	Statistical analysis
	Preliminary mass balance analysis


	Results and discussion
	Occurrence of antibiotics
	Wastewater
	Sewage sludge

	Removal efficiencies of antibiotics in STPs
	Mass flow of antibiotics
	Mass balance analysis of antibiotics
	Relationship between wastewater parameters and antibiotic removal

	Conclusions
	Acknowledgements 
	References




